Heat-induced spikelet sterility is one of the major threats to rice production from global warming. Previous chamber experiments have shown that even a short exposure to heat can induce spikelet sterility, but actual damage to a crop in the open field has rarely been reported. In the mid-summer of 2007, the Kanto and Tokai regions in Japan experienced record high temperatures above 40 . We examined whether this extreme heat event induced sterility in open fields. We collected panicle samples from 132 fields in 5 prefectures in the Kanto and Tokai regions. Maximum air temperature averaged over a 5-day period around the heading stage exceeded the threshold for sterility (35 ) in more than 40 of the crops surveyed. Spikelet sterility ranged from 2 to 23 , and was more than 10 in 20 of the crops studied. Spikelet sterility in 2007 was apparently higher than that in the normal summer of 2008 and peaked with the heat wave, which confirms for the first time that extreme heat in midsummer induced sterility under open field conditions in Japan, but to a lesser extent than what was predicted from previous chamber experiments. The lesson from this survey is that air temperature per se is not sufficient to predict the occurrence of heat-induced sterility and that factors influencing the heat budget of the panicles are needed to account for the crop damage. Crop management practices such as selection of tolerant cultivars and optimizing the timing and amount of nitrogen application could moderate the occurrence of heat induced spikelet sterility which can help to develop adaptation measures to climate change.
Introduction
Grain setting is one of the most important growth processes for grain crop production. Failure to set grain can result in severe yield losses even where total biomass is not disturbed. Different environmental stresses can induce failure of grain setting including drought, chilling, and heat at critical stages of growth (Satake, 1976; Satake and Yoshida, 1978; Ekanayake et al., 1989) . In temperate irrigated rice, chilling injury has been the major constraint on yield, particularly in northern Japan, but as the global surface temperature is expected to rise as a result of anthropogenic emission of greenhouse gases, high temperatures may become problematic.
Previous chamber studies have shown that exposure to temperatures higher than 35 reduces grain setting of rice (Satake and Yoshida, 1978; Kim et al., 1996) . Grain setting is a set of processes including pollen shedding, pollen germination, fertilization, and onset of grain growth. Failure of any one event in the course of these processes results in poor grain set or spikelet sterility. Many of these processes are temperature sensitive, but for sterility that occurs in a relatively low temperature range between 35 and 40 (just above the threshold temperature), anther dehiscence and pollen shedding onto stigma are the most vulnerable to heat (Satake and Yoshida, 1978) . An exposure as short as even 1 hour is sufficient to induce sterility (Jagadish et al., 2007) .
Failure of grain setting is an irreversible event; thus, even short exposure to heat can severely damage seed production (Prasad et al., 2006) . Heat waves are projected to increase under global climate change, so there is a strong concern that yield variability due to heat will increase in the future (Nakagawa et al., 2003) .
Unlike reports of chilling injury, which occurs frequently in temperate regions, reports of heat-induced sterility in the open field are limited, despite many observations in growth chambers and glasshouses (Satake and Yoshida, 1978; Kim et al., 1996; Matsui et al., 2005; Prasad et al., 2006; Jagadish et al., 2007 ). An early study by Osada et al. (1973) showed that crop failure occurred in a dry-season rice crop in Cambodia. Matsushima et al. (1982) showed that extremely hot and dry conditions in Sudan can substantially reduce grain set. In inland China along the Yangtze River, a major rice growing region, sterility occurred in 2003, where the rice crop encountered extreme heat (Matsui, 2009 ). On the other hand, in very hot conditions in the Australian rice industry, heat-induced sterility was not severe even where air temperature exceeded the threshold estimated from the previous chamber experiments (Matsui et al., unpublished data) . These contrasting results have two implications. First, temperature conditions that induce sterility obtained from the enclosure experiments may not be directly applicable, so the prediction of the occurrence of heat damages on grain set and therefore yield reduction in open fields is subject to large uncertainties. Second, there may be mechanisms other than processes at the plant or organ level which might be regulating the occurrence of heat damage in the field which may be used for effective adaptation at the field scale.
Climate records for the past 20 to 30 years have shown significant rising trends in temperatures in many parts of Japan (JMA, 2009; Nishimori et al., 2009 ). This appears to have increased the likelihood of heat waves. In fact, record high temperatures have been recorded since 1990 (JMA, 2009) 
Materials and Methods

Study sites
The study sites were mostly public experiment stations in Gunma, Saitama, Ibaraki, Gifu, and Aichi prefectures (Table 1) , where all crop management practices such as the amounts and timing of fertilizer application were recorded. In addition, on-farm samples were collected from or near municipalities where unprecedented high temperatures were recorded, including Tajimi (Gifu) and Itakura, near Tatebayashi (Gunma). In total, panicle samples were collected from 132 paddy fields, 95 in the Kanto region, and 37 in the Tokai region. Because more than 80 of the samples were from on-station trials in which the cultivars collected did not necessarily represent those grown in the region, the survey results do not represent the damage to the rice industry in the region. Nevertheless, the results along with the detailed records of cultivation and climatic conditions help us to determine conditions under which sterility could occur in open fields. In 2008, samples were collected from 51 paddy fields in Ibaraki, Saitama, and Gunma prefectures.
Sampling and measurements
We chose rice crops whose heading and flowering occurred between late July and late August 2007 to ensure that samples were exposed to different heat doses. In total, 17 cultivars were included in the samples, but two varieties accounted for more than 50 of the samples: Koshihikari (36 ) and Asahinoyume (23 ). In 2008, six cultivars were sampled, the major ones being Koshihikari (21 ) and Asahinoyume (59 ).
At the National Institute for Agro-Environmental In each field or plot, we selected 3 rows along the longer axis of the field (approximately 1/3 from the left edge, in the center, and 1/3 from the right edge). In each row, we selected 10 hills at almost equal intervals from one end to the other. We collected 1 panicle from each hill, avoiding late tillers and collecting 30 panicles altogether from each field. Where the treatment (or cultivar) was replicated, we selected 1 or 2 rows from each replicate.
We sampled panicles at least 20 days after heading and stored them in sealed plastic bags. The samples were then soaked in 80 ethanol to decolor the hull, after which we examined all spikelets for sterility by inspection and palpation.
Climatic data
Climatic data for each study site were collected from the nearest AMeDAS station (Table 1) except at NIAES, where we used the data from the NIAES Weather Data Acquisition System (http://niaesaws. ac.affrc.go.jp/weatherdata.htm). We calculated heat dose (HD) over the threshold temperature (Tc) as:
where Ti is the daily maximum temperature on day i, and a is day 1 of the 5-day accumulation period. We did not know a priori Tc and the appropriate growth stage for calculation under field conditions, so we calculated the HD's of different values of Tc and a for each dataset and examined the relationships with the spikelet sterility of the crop.
Results
Temperature conditions and spikelet sterility in five prefectures
The maximum temperature averaged over the 5-day period around the heading stage was above 35 in more than 40 of the paddy fields studied in 2007 (Fig. 1) . The rates of field-average spikelet sterility ranged from 2 to 23 and exceeded 10 in about 20 of the fields.
In 2008, the maximum temperature averaged over the 5-day period never exceeded 35 (data not shown). The rates of spikelet sterility averaged 4.5 and were smaller than 6 in more than 80 of the fields studied. 3.2 Spikelet sterility at different flowering times at NIAES We examined spikelet sterility in rice crops that flowered on different dates and its relation with the heat wave at NIAES (Fig. 2) . The NIAES field experienced a high of 38.6 on August 16, 2007. Sterility was below 10 in the plots where heading occurred before the 12 th of August or on the 22 nd August, when the daily maximum temperatures were relatively low. Sterility was as high as 23 in the plots where full heading occurred around the 15 th August. However, even in these plots, sterility varied between 10 and 23 depending on the cultivar and crop management. This variability suggests that management practices may be able to reduce the adverse impacts of high temperatures. (Table 2 ). The hottest environment in mid-August (Fig. 2) coincided with the heading (and thus flowering) stage of Koshihikari C2. Koshihikari C1 also experienced high temperature at the time of flowering. The rate of spikelet sterility was high in Koshihikari C1 and C2, but it was significantly different among the N treatments: it was higher where less N was applied. The difference was particularly noted in C2 where severer sterility occurred. In Nipponbare, which avoided the heat around flowering, spikelet sterility was not as high as in Koshihikari C1 and C2 so that there was no significant difference among the N treatments.
Nitrogen management and cultivar effects on spikelet sterility under hot summer conditions at NIAES experimental fields
We also compared the spikelet sterility among the four cultivars whose full heading was between the 13 th and 18 th of August. Sterility ranged from 11 to 18 and differed significantly between Hatsuboshi (the most susceptible) and the other three cultivars (Table 3) . 3.4 Relations between spikelet sterility and temperature conditions We examined the relationship between spikelet sterility and heat dose (HD) at different growth stages relative to each heading stage at NIAES. We used a simple linear regression model with spikelet sterility as the dependent variable and HD as the independent variable and examined the coefficient of determination (R 2 ) of the regression (Fig. 3) . Because cultivars and N had a strong influence on sterility (Tables 2, 3) , we used data from Koshihikari, Akitakomachi, and Nipponbare under moderate or high rates of N (n 27), excluding the datasets that showed significantly high rates of sterility (Tables 2, 3 ). The R 2 values were initially small and were not significant around 6 days before heading (HD calculated between 8 and 4 days before heading) but increased sharply to the peak values, which were highly significant (P 0.0001) around heading and then declined to almost 0 at 4 days after heading. The goodness of fit was not strongly dependent on the temperature threshold (Tc), but the highest R 2 of 0.74 was obtained at Tc 33 or 34 . The R 2 value obtained by regression on the 5-day average of the maximum air temperature around heading was 0.4, indicating a closer relation with HD than with maximum temperature.
Discussion
Spikelet sterility in the hot summer of 2007 was higher than in the normal summer of 2008. In addition, crops whose heading and flowering coincided with the heat wave in mid-August had a higher rate of sterility than crops that flowered earlier or later. This result confirms that the heat wave induced spikelet sterility in the open fields. The rates of sterility were lower than those indicated by chamber experiments, which showed that sterility increased almost linearly with temperatures above 35 to almost 100 at 40 or higher.
One possible explanation for the lower rate of sterility in 2007 than expected from the maximum temperature and the sterility response to temperature in chamber experiments is that the temperature of the panicle can differ from the air temperature notably under open-air conditions. In fact, the spatial distribution of panicle temperature estimated by using a heat balance model during the hours of flowering (10:00-12:00) does not necessarily match the distribution of daily maximum temperature . This is because the panicle temperature during flowering hours is lower than the daily maximum temperature, and other meteorological factors such as solar radiation, wind speed, and humidity also affect panicle temperature Yoshimoto et al., 2011) . Matsui et al. (2007) reported a similar but more extreme example in Australia, where dry and windy conditions increase transpirational cooling of the canopy, thereby reducing panicle temperature; the difference between air and panicle temperatures was as much as 6 , and this contributes to stable pollination under hot conditions. Tian et al. (2010) reported the opposite extreme in the Jianghan Basin, China, where panicle temperature exceeded air temperature by as much as Fig. 3 . Coefficient of determination (R 2 ) of the linear relationship between spikelet sterility and heat dose (HD) of the crop at different growth stages relative to heading date at NIAES. The code "HD_30" indicates the heat dose at a given threshold temperature (Tc in equation 1). X-axis represents the mid-point of HD calculation in days after heading. Data are from Koshihikari, Akitakomachi, and Nipponbare under moderate or high rates of N application (n 27), excluding the datasets that showed significantly high rates of sterility in Tables  2 and 3 . The horizontal solid line indicates the R 2 value above which the regression is significant at the 0.1 level. 4 under humid and windless conditions: seed set was reduced by more than 40 in some cultivars.
The present results may be closer to the Australian example, where transpirational cooling might have reduced the canopy and panicle temperatures compared to air temperature, although the extent was smaller than in Australia. It is worth noting that at the regional or prefectural scale, there were many rice crops whose flowering did not coincide with the heat wave, so major yield losses due to heat-induced sterility did not occur. To date, the impacts of future global warming on agriculture have been based on changes in air temperature, but our results show that effects cannot be accurately assessed on the basis of changes in air temperature alone. The risks of yield losses due to heat-induced sterility, therefore, need to account for the effect of panicle temperature, which can vary depending on various microclimatic conditions.
There is considerable variation in spikelet sterility under hot conditions, depending on cultivars and management practices. This suggests the possibility of reducing the heat-induced sterility by management options. Ample evidence exists that heat tolerance differs among cultivars from chamber experiments (Satake and Yoshida, 1978; Matsui et al., 2005; Prasad et al., 2006; Jagadish et al., 2007) and from open-air experiments (Tian et al., 2010; Zhao et al., 2010) . According to Matusi et al. (2005) , who tested heat tolerance of 18 varieties, Koshihikari and Nipponbare are both moderately tolerant, which is consistent with our results. The reason for the high susceptibility of Hatsuboshi is not clear, but the extent of sterility would have been larger if cultivars with this level of heat susceptibility had been planted more widely.
Limited N supply increased spikelet sterility. To our knowledge, this is the first report of the relevance of N supply to heat-induced spikelet sterility. The mechanism by which N application reduced the occurrence of spikelet sterility is not clear. One possible reason is that N application increases the leaf area and thus stomatal conductance of the canopy. This promotes transpirational cooling of the canopy and the panicles. There may be other direct mechanisms involved for this, and this effect needs further study.
Nitrogen deficiency is also known to exacerbate the occurrence of chalky rice under heat (Wakamatsu et al., 2008) . There has been a significant decrease in N application rate for the past 25 years in Japan in an attempt to reduce the protein content of the grain (Hasegawa et al., 2009) , which is believed to degrade the eating quality. This decrease may be accelerating the occurrence of chalky rice under hot summer conditions. Our results suggest that if this trend continues, there will be a penalty on heat tolerance in both grain appearance and grain setting. Future N management under hot conditions thus needs to be reconsidered.
Conclusions
Our results show for the first time that extreme heat in midsummer induced sterility under open field conditions in Japan, but to a lesser extent than predicted from chamber experiments. The lesson from this survey is that air temperature per se is not sufficient to predict the occurrence of heat-induced sterility, and that factors influencing the heat budget of the panicles also need to be taken in account. Crop management practices such as the selection of cultivars and the timing and amount of N application can moderate the occurrence of heat-induced spikelet sterility which can help to develop adaptation measures to climate change.
